We present a study of the chemistry of the nanostructured phase at the surface of lead zirconium titanate PbZr 0.52 Ti 0.48 O 3 (PZT) films synthesized by sol-gel method. In sol-gel synthesis, excess lead precursor is used to maintain the target stoichiometry. Surface nanostructures appear at 10% excess lead precursor whereas 30% excess precursor inhibits their formation. Using the surface-sensitive, quantitative X-ray photoelectron spectroscopy and glancing angle X-ray diffraction we have shown that the chemical composition of the nanostructures is ZrO 1.82−1.89 rather than pyrochlore often described in the literature. The presence of a possibly discontinuous layer of wide band gap ZrO 1.82−1.89 could be of importance in determining the electrical properties of PZT-based metal-insulator-metal heterostructures.
Introduction
Lead zirconium Titanate Pb(Zr x Ti 1−x )O 3 (PZT) is widely used in applications such as microelectromechanical systems (MEMS), piezoelectric actuators [1] , ferroelectric nonvolatile memories [2] , infrared pyroelectric detectors [3] , and decoupling capacitors. Capacitor device performances in particular are determined not only by the bulk dielectric properties which depend on the stoichiometry and the manufacturing process but also by the interface with the electrodes. PZT exhibits optimal dielectric and piezoelectric response near to the morphotropic phase boundary with a Zr/Ti ratio of 52/48 (i.e. PbZr 0.52 Ti 0.48 O 3 or PZT (52/48)) [4] . Sol-gel synthesis is well adapted for mass production of PZT but lead loss produced during the necessary crystallization annealing [5] requires excess lead precursor for obtaining the near stoichiometric values [6] . This may also lead to changes in surface composition and hence modifications of the PZT/electrode interface chemistry. Surface phases have been observed [7, 8] which appear dependent on the excess Pb content [9] and growth process [10, 11] . However, little is known about their chemistry and even less regarding their effect on device performance.
The secondary phase at the PZT surface has been studied using X-ray diffraction (XRD) [12, 13, 14] . It has been suggested that the phase observed at the surface of PZT thin films after crystallization is of pyrochlore type (A 2 B 2 O 7−x ) [14, 15] . Pyrochlore is produced mainly at lower temperature and vanishes as temperature increases [9, 12, 10] . However, other possible phases have also been suggested, such as PbO [11] , fluorite [16, 17] or ZrO 2 [18] . Therefore, the first question is to determine the chemical nature of eventual secondary phases at the surface of sol-gel PZT.
In this paper, we present a detailed study of the surface chemistry of technologically-relevant, sol-gel synthetized PZT films by scanning electron microscopy (SEM), X-ray diffraction (XRD) and quantitative X-ray photoelectron spectroscopy (XPS). We investigate the role of lead excess on the surface composition, chemistry and micro-structure of PZT (52/48) thin films. In particular, we exploit the surface chemical sensitivity of XPS to identify the chemistry of the secondary surface phase. In contrast with some of the previous literature [19] we show that the surface phase is not pyrochlore but in fact consists of zirconium oxide nanostructures.
Experiment
The substrates are 200 mm silicon wafers. Thermal SiO 2 is grown at 1100
• C in oxygen. A TiO 2 layer is obtained by depositing 10 nm of Ti followed by annealing at 700
• C in oxygen for 30 min. TiO 2 is both an adhesion layer for the Pt electrode on SiO 2 and a lead diffusion barrier. The 100 nm bottom Pt electrode is sputter deposited at 450
• C. The final bottom electrode/substrate heterostructure is hence Pt(111) 100 nm/TiO 2 20 nm/SiO 2 500 nm/Si 750 µm.
PZT layers were grown using the sol-gel technique [20] . 220 nm thick PZT films were grown, corresponding to 4 such layers. Each layer of PZT is spun, dried at 130
• C and calcinated at 360
• C. A rapid thermal annealing (RTA) step is performed at 700
• C for 1 min under oxygen atmosphere after calcination of the 1st and 4th layers. This step enables crystallization of the PZT film in the perovskite structure. Two PZT samples were prepared for this study. The first one made of 4 layers with 10% (Pb XPS analysis was carried out at a base pressure 5×10 −10 mbar in a Multiprobe system (ScientaOmicron) fitted with a monochromatized Al Kα source (1486.6 eV) and a 128-channel, parallel detection Argus electron analyzer. In order to distinguish the contribution of the surface and sub-surface layers, we varied the photoelectron take-off angle (defined as the angle between the analyzer axis and the sample surface) from 90
• (normal emission) to 30
• ("grazing" or surface sensitive emission). The samples were mounted with double-side conductive tape onto the metallic sample holder. We checked that this mounting was electrically equivalent to grounding the PZT surface with silver paste. The overall energy resolution (X-ray source bandwidth and spectrometer broadening) was 0.27 eV for the core-level spectra. The binding energy scale was calibrated using the C 1s binding energy. CasaXPS software was used for data analysis [21] . Shirley background and Gaussian-Lorentzian (70%-30%) line-shapes were used for the curve fitting process. The full-width at half maximum (FWHM) for each given emission line was constant.
XRD (θ-2θ) was performed using a XPERT-PRO MRD XL from PANA-LYTICAL, using Cu Kα radiation (λ=0.15418 nm). In-plane X-ray diffraction (GID) was also carried out to obtain information regarding surface crystallography. When the incident beam is close to or below the critical angle for total external reflection surface sensistivity is enhanced. The in-plane diffraction measurements were performed on a Smartlab Rigaku 5-circles, using an incidence angle (α i ) of 0.5
• . The diffracted X-ray beam (2θ) is recorded for an azimuthal range from 15 to 65
• while keeping the angle α f of 0.5
• constant with respect to the sample surface. The theoretical critical angle for total external reflection [22, 23] of 0.40
• agrees well with the experimental value (0.36
• ). We therefore estimate an incidence angle 0.5
• which corresponds to a penetration depth of around 38 nm for characterizing the nanostructures. As we will see this is quite suitable for detection of the nanostructures at the PZT surface.
SEM was carried out in the secondary electron (SE) detection mode with a Hitachi-4160 scanning electron microscope (30kV primary electron beam, 15 mA emission current and chamber pressure ∼10 −7 mbar). Ion beam etching (IBE) was performed to explore further the surface composition and presence of secondary phases using the NEXUS 350A apparatus at 7×10 −4 mbar. Figure 1 shows the surface microstructure of (a) PZT10 as deposited, (b) PZT30 and (c) PZT10 after ion beam etching. The PZT30 sample has large grains distributed over the whole surface with well-defined grain boundaries. The grain size varies from 40 nm to 250 nm diameter. The surface is clean with no other visible morphology. The surface of as deposited PZT10 has a similar underlying grain structure of comparable size to that of PZT30 but, in addition, is covered by a large number of much smaller structures. The size of these nanostructures varies between 5 and 25 nm with an average size over the field of view of 15 nm and they cover 10% of the total surface ( Fig. 1(a) ). A closer inspection suggests that they tend to be predominantly located along grain boundaries (indicated by the yellow lines in Fig. 1(a) ) rather than in the center of the big grains. On the other hand, the PZT10 after 45s of etching reveals a perfectly smooth surface, without any small or large grains Fig. 1c ) [24] . Etching has therefore removed the nanostructures. The lack of contrast between large grains suggests that the surface has also become amorphous due to the etching damage [20] . The etching damage and nanostructure removal are supported by the XPS results presented below. Figure 2 shows the XPS survey spectra for the PZT10 and PZT30 samples. All the expected emission lines from Pb, Zr, Ti, O are detected. The C 1s peak reflects the presence of adventitious surface carbon. This was confirmed by depth profiling using Ar ion beam sputtering and Auger electron spectroscopy (not shown) which confirmed that all carbon was removed after etching 2.6 nm. Compared to the average size of the nanostructures this clearly shows that the carbon is only a surface contamination and is not intrinsic to the bulk of the sol-gel films. From the measured peak area and the Relative Sensitivity Factors (RSF, provided by ScientaOmicron), we can estimate the relative carbon concentration at the sample surface to be 22.1 and 12.2 atomic % for PZT30 and PZT10, respectively, i.e. up to one carbon atom per unit cell. However, this post-growth contamination does not affect the PZT surface structure or composition.
Results
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Core level spectra of as-received films.
The Pb 4f, Ti 2p 3/2 , Zr 3d and O 1s core level spectra recorded at normal emission are shown in Fig. 3(a-d) PZT30 and PZT10 and is attributed to Ti 4+ ions in the PZT matrix. The FWHM of the Pb 4f 7/2 and the Ti 2p 3/2 emission are 0.89 eV and 0.73 eV, respectively.
The Zr core level spectrum, shown in Fig. 3(c) , changes dramatically between 10% and 30% lead excess. For the PZT30 sample, it shows a single chemical state labelled Zr I with a Zr 3d 5/2 binding energy of 180.5 eV. In contrast, for 10% lead excess, there is an additional component denoted Zr II at 181.5 eV binding energy. Zr I , common to both PZT30 and PZT10, is related to Zr 4+ ions in the PZT perovskite structure. Zr II , shifted by 1 eV to higher binding energy, seems to be correlated with the appearance of nanostructures at the surface of PZT10, as seen in Fig. 1(a) . This suggests a different chemical composition of nanostructures with respect to that of PZT.
The O 1s spectra have several distinct core level components. The main peak, O I at 528.70 eV is attributed to oxygen in the PZT perovskite structure and is common to both PZT10 and PZT30. For PZT10 there is a second peak at 529.40 eV. The peak O III is present in both samples and attributed to surface contamination [21, 25] . Finally, peak O IV at 531.6 eV is present only in the PZT30 spectrum.
In order to clarify the assignment of the Zr II component to a surface secondary phase, we performed XPS on the PZT10 at a grazing take-off angle of 30
• providing twofold enhancement of surface sensitivity. The corresponding Pb 4f, Ti 2p 3/2 , Zr 3d and O 1s core level spectra are shown in Fig. 4(a-d) , • the Zr II intensities increase significantly relative to the Zr I component (by 48% with respect to normal emission), in good agreement with the expected enhanced surface sensitivity at 30
• take-off angle (probing depth is halved). The same twofold increase is observed for the O II peak. At 30
• take-off angle the OII intensity increases by 49% with respect to the intensity at normal emission. As the only effect of changing the take-off angle is to change the surface sensitivity, this is clear evidence that both Zr and O are related to a surface specific phase. We can therefore conclude that both Zr II and O II are surface-related peaks and relate these with the appearance of nanostructures observed at the surface of PZT10.
Ion beam etching.
After IBE, the surface is smooth without any detectable nanostructure, as can be seen in Fig. 1(c) , therefore the etching treatment has removed the additional surface phase. The absence of a clear grain structure is due to the IBE-induced amorphization of the surface, well-known in the literature [24, 20, 26] . IBE can also reduce the surface [17, 26] in which case one would expect a shift in the electronic levels similar to that induced by n-type doping of semiconductors. In order to compare the core level spectra before and after IBE we must first correct the energy scale for the electronic effect resulting from n-doping. Fig. 5 which shows the valence band spectra before and after etching. The position of the valence band maximum (VBM) is determined by a straight line extrapolation [27] . After etching, the VBM shifts from 1.17 to 1.94 eV and a density of states in the band gap appears. The latter is associated with the creation of oxygen vacancies which, schematically, donate 2 free electrons to the PZT lattice, reducing neighboring B-type cations, usually Ti. The resulting n-type doping pins the Fermi level near the bottom of the conduction band resulting in a rigid shift of all the electronic levels to higher binding energy. In order to compare the chemical information in the core level spectra we therefore aligned the core level spectra using the VBMs.
This is illustrated in
In Fig. 6 , we compare the Pb 4f, Ti 2p 3/2 , Zr 3d and O1s core level spectra, before and after IBE. The VBM aligned spectra show almost no change in binding energy, confirming the rigid nature of the etching induced shift. In the Pb 4f spectrum a new component at lower binding energy appears, and corresponds to metallic Pb 0 at 136.07 eV such as described by Lu and Zhu [28] ; similarly, a partial reduction of Ti is evidenced with an additional component to lower binding energy (Ti II ) at 456.64 eV), as also observed previously [17] . Both results provide chemical confirmation of the surface reduction after IBE. On the other hand, and more importantly, the surfacerelated components Zr II and O II disappear after etching. IBE removed an estimated 20 nm thickness of PZT, i.e, well above the photoelectron escape depth; we can conclude that the Zr II and O II components observed before etching are directly correlated with the surface nanostructures. Finally, we observe a broadening of FWHM of about 0.2 eV for all spectra of PZT after etching. This is probably due to IBE induced surface amorphization, responsible for the absence of grain contrast in Fig. 1c. 
X-ray diffraction
The θ-2θ scans in Fig. 7 show up peaks characteristic of PZT, the Si substrate and the Pt electrode. The XRD also reveals several structural differences between PZT10 and PZT30. With 10% lead excess during deposition, the sample is almost fully (100) oriented. Increasing the lead excess from 10 to 30% leads to a modification of the structure since the PZT film is then strongly (111) oriented. There is also the appearance of a new peak at 31.2
• corresponding to the PZT (110). Assuming equivalent scattering factors we estimate the proportion of (100), (110) and (111) oriented film to be, respectively, 93.2, 2.6 and 4.2 % for PZT 10 and 18.4, 21.5 and 60.2 % for PZT30.
The in-plane diffraction measurements at an incidence angle 0.5
• have a depth sensitivity of 38nm close to the size of the nanograins. Figure 7b shows that in addition to the crystallographic orientation of the PZT, we observe three peaks respectively at 34, 58 and 61.5
• in PZT10 which will be attributed to the surface phase. There is also one peak at 28
• for both samples which corresponds to the relatively intense K β stimulated peak of the PZT (110).
Discussion
As seen in Fig. 1(a) , 10% of lead excess leads to the formation of surface nanostructures, preferentially localized at the grain boundaries. This secondary phase has been attributed to the incomplete reaction of ZrO 2 precursor [29] resulting from the opposite slopes in the concentration gradients of Ti and Zr during the growth of sol-gel layers [30, 31] The major portion of Ti incorporated into each layer is consumed at the beginning of nucleation, consistent with the known crystallization temperatures. This process leads to a dramatic reduction of Ti surface concentration and concomitant increase of Zr as seen from the quantitative analysis of the XPS data in Table II . The TiO 2 precursor is consumed at the beginning of the sol-gel layer growth and as a consequence the surface of the layer is strongly Zr-enriched. The complete reaction for the growth of lead zirconate titanate can be written in two stages: PbO+TiO 2 −→ PbTiO 3 , followed by PbTiO 3 +PbO+ZrO 2 −→ Pb(Zr 1−x ,Ti x )O 3 , where the initial precursors are PbO, TiO 2 and ZrO 2 [29] . Using the RSFs we can quantify the surface stoichiometry as measured by XPS. The quantification reveals several important features. First, there is slight Pb enrichment at the surface for both PZT10 and PZT30. This is to be expected since excess Pb is used in both cases, as can be seen simply from the overall proportion of Pb, in both cases greater than the stoichiometric value of 20%. As expected, the surface enrichment is stronger for the PZT30. The higher Pb content at the PZT30 surface appears correlated with the complete disappearance of the nanostructures, suggesting that the addition of Pb allows completion of the PZT reaction consuming all of the other precursors and inhibiting the formation of the chemically distinct nanostructures. The oxygen content is slightly depleted, possibly as a result of the high annealing temperature for crystallization. As seen in Fig. 4 , both Zr I and O I decrease at the surface for PZT10 and at the same time the Zr II and O II concentrations increase. O III,IV are included to show that their weight also increases at the surface, consistent with the assignment to surface contamination. The presence of the nanostructures at the grain boundaries may be understood by the fact that the formation of the perovskite phase starts from a seed and proceeds by outward, lateral growth. It then enlarges by transforming the remaining precursors into the perovskite phase between 500
• C and 700
• C via three dimensional growth [32] . When the lead precursor is exhausted the reaction stops abruptly. Any residual precursors remaining at the grain boundaries become available to form a secondary phase and since the TiO 2 precursor is consumed first, it is probable that the resulting secondary phase nanostructures will be at least Zr-enriched.
XRD shows that high lead excess modifies the preferential (100) orientation to a mixed state dominated by (111), in agreement with previous results [33, 34] . However, the Pb chemistry is the same at the surface of PZT30 and PZT10. Thus, despite the difference of lead excess, in both cases reacted PbO has formed the perovskite making it unlikely that the secondary phase includes Pb. Furthermore, the nanostructures appear only at the surface, they presumably form at the end of the PZT growth and therefore do not influence the crystallographic orientation.
The surface Zr content of PZT10 is 15.6% compared with 14.8% for PZT30 showing that there is slightly more Zr at the surface of PZT10. As can be seen from [47, 48, 49, 50, 51, 52, 53, 54, 55, 56] , in excellent agreement with the 1 eV shift measured here. Beyond the immediate chemical environment of the Zr emitter, two other effects may influence the BE shift. First, in a simple picture of electron transfer following relative electronegativity, the second neighbor interactions, could modify the electron transfer between Zr-O-Ti. Secondly, we are considering 30 nm nanostructures, with a much higher surface to volume ratio and probable shorter interatomic distances, both of which might influence the core level shift. Here some first principles calculations or even tight binding cluster calculations would be useful to confirm this interpretation.
The core level XPS analyses as a function of precursor composition, emission angle and ion beam etching therefore conclusively demonstrate that the nanostructures at the PZT10 surface are a zirconium oxide, ZrO 1.82−1.89 .
The XPS results are confirmed by GID (Fig. 7b) . The intensities centered on 34
• , 58
• and 61.5
• on the PZT10 sample are not visible on the PZT30 sample and can be attributed to ZrO 2 -like monoclinic structure [57] . Although weak, they are further evidence that the surface nanostructures observed on SEM may consist of a distinct phase with respect to the PZT. Using a Scherrer fit to the 61.5
• peak width the diameter of grains is in the range 15 nm, in good agreement with the nanograin size estimated from the SEM image of Fig. 1(a) .
ZrO 2 is a good insulator with a static dielectric constant of 25 [58] and a band gap of 5.8eV [59] . The presence of ZrO 1.82−1.89 at the PZT/electrode interface of a capacitor might well influence electrical performance. Given the higher band gap with respect to PZT, a discontinuous or continuous interfacial ZrO 1.82−1.89 layer with lower dielectric constant [60] compared to PZT (dielectric constant < 1000) [61] or a ferroelectric dead layer will decrease device capacitance. ZrO 2 is not ferroelectric, therefore a surface phase close to ZrO 2 would act like a ferroelectric dead-layer. It is not yet clear how and to what extent such a surface phase might influence the electrical characteristics. The formation of nanostructures is favored or inhibited by the Pb excess, however, the composition of these nanostructures may have a more complex dependance on the process conditions. Systematic experiments as a function of Pb excess and for example the Ti/Zr composition profile are envisaged.
Conclusions
We have presented a comprehensive surface-sensitive analysis on the effects of lead amount in excess on the surface of PZT thin film. For low amount of excess lead precursor (10%), nanostructures are observed on PZT surface by SEM. Higher Pb excess (30%) inhibits nanostructure formation. Quantitative, angle-resolved XPS shows that the nanostructures are zirconium oxide, ZrO 1.82−1.89 , contrary to previous studies which suggested a pyrochlore surface phase. XRD suggests a monoclinic crystal structure. Systematic studies of the effect of a nanostructured surface phase on electric characteristics as well as the interface with an electrode are currently in progress.
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